Purpose: The metabolites phosphocreatine (PCr), adenosine triphosphate (ATP), and in-organic phosphate (Pi) are biochemically coupled. Their pool sizes, assessed by their magnetization ratios, have been extensively studied and reflect bioenergetics status in vivo. However, most such studies have ignored chemical exchange and T 1 relaxation effects. In this work, we aimed to extend the T nom 1 method to simultaneously quantify the reaction rate constants as well as phosphorus metabolite pool size ratios under partially relaxed conditions. Materials and Methods: Modified Bloch-McConnell equations were used to simulate the effects of chemical exchanges on T 1 relaxation times and magnetization ratios among PCr, c-ATP, and Pi. The T nom 1 method with iteration approach was used to measure both reaction constants and metabolite pool size ratios. To validate our method, in vivo data from rat brains (N 5 8) at 9.4 Tesla were acquired under two conditions, i.e., approximately full relaxation (TR 5 9 s) and partial relaxation (TR 5 3 s). We compared metabolite pool size ratios and reaction constants before and after correcting the chemical exchange and T 1 relaxation effects. Results: There were significant errors in underestimation of PCr/cATP by 12 % (P 5 0.03) and overestimation of ATP/Pi ratios by 14 % (P 5 0.04) when not considering chemical exchange effects. These errors were minimized using our iteration approach, resulting in no significant differences (PCr/cATP, P 5 0.47; ATP/Pi, P 5 0.81) in metabolite pool size ratios and reaction constants between the two measurements (i.e., short versus long TR conditions). Conclusion: Our method can facilitate broad biomedical applications of 31 P magnetization saturation transfer spectroscopy, requiring high temporal and/or spatial resolution for assessment of altered bioenergetics. Pi (c-ATP/Pi), and PCr to Pi (PCr/Pi) have been extensively studied in various disease states in vivo, for instance in the brain, [6] [7] [8] heart, 9,10 and muscle.
method with iteration approach was used to measure both reaction constants and metabolite pool size ratios. To validate our method, in vivo data from rat brains (N 5 8) at 9.4 Tesla were acquired under two conditions, i.e., approximately full relaxation (TR 5 9 s) and partial relaxation (TR 5 3 s). We compared metabolite pool size ratios and reaction constants before and after correcting the chemical exchange and T 1 relaxation effects. Results: There were significant errors in underestimation of PCr/cATP by 12 % (P 5 0.03) and overestimation of ATP/Pi ratios by 14 % (P 5 0.04) when not considering chemical exchange effects. These errors were minimized using our iteration approach, resulting in no significant differences (PCr/cATP, P 5 0.47; ATP/Pi, P 5 0.81) in metabolite pool size ratios and reaction constants between the two measurements (i.e., short versus long TR conditions). Conclusion: Our method can facilitate broad biomedical applications of 31 P magnetization saturation transfer spectroscopy, requiring high temporal and/or spatial resolution for assessment of altered bioenergetics. P hosphorus magnetic resonance spectroscopy ( 31 P-MRS) provides insight into bioenergetic impairment and mitochondrial dysfunction in vivo under various physiological and pathological conditions. [1] [2] [3] [4] [5] Major phosphorus-containing metabolites related to bioenergetics detected by in vivo 31 P-MRS include phosphocreatine (PCr), inorganic phosphate (Pi), and adenosine triphosphate (ATP) with the a-, b-, and c-resonances. These metabolites compose a chemical exchange network (PCr$ATP$Pi) catalyzed by the enzymes creatine kinase (CK) and ATP synthase (ATPase). These chemical reactions are crucial for regulating ATP metabolism and maintaining normal ATP functionality. The phosphorus metabolite levels or pool sizes assessed by their magnetization ratios such as PCr to c-ATP (PCr/c-ATP), c-ATP to Pi (c-ATP/Pi), and PCr to Pi (PCr/Pi) have been extensively studied in various disease states in vivo, for instance in the brain, [6] [7] [8] heart, 9,10 and muscle. 2, 11 For measuring phosphorus-containing metabolite levels using a conventional MRS approach, Ernst and Anderson 12 suggested that large improvements in signal-to-noise ratio (SNR) per unit sampling time could be achieved by the use of short inter-pulse delay time (TR) and small flip angle (FA < 908). However, the Ernst equation to correct resonance saturation effect due to short TR is only valid in the case where the species under consideration are not in chemical exchange or TR should be sufficiently short (rapid pulsing condition) so negligible chemical exchange occurs. In realistic experimental conditions, this is unlikely. Despite the essential role of accurate metabolite quantification, especially for determining the metabolic rates (or fluxes) of CK and ATPase reactions, most studies have ignored the chemical exchange and T 1 relaxation effects on metabolite quantification. [13] [14] [15] [16] [17] Hence, a more advanced correction method that is capable of considering T 1 relaxation as well as chemical exchange effects would be required.
31
P magnetization transfer, in particular magnetization saturation transfer (MST) spectroscopy has been widely used for measuring the reaction kinetics of enzymes noninvasively to provide insights into the biological mechanism of disease. 18 However, the applications of 31 P-MRS to access high-energy metabolite levels or kinetics of enzyme activity have been limited by its intrinsically low SNR, due primarily to the relatively low 31 P gyromagnetic ratio and low metabolite concentrations (few millimolars). This results in long experiment times. In some cases, the lengthy total acquisition time may not be clinically acceptable; one such example is a conventional MST spectroscopy technique that requires multiple data point measurements with progressively saturating the c-ATP resonance under full relaxation conditions. To overcome the lengthy scan time in MST, some novel methods have been suggested, such as two repetition time saturation transfer (TwiST), 19 four-angle saturation transfer (FAST), 20 and the T nom 1 method, allowing rapid in vivo measurement of CK/ATPase reaction kinetics. 21 Particularly, the T nom 1 method with optimized TR and FA under partial relaxation conditions allows us to measure CK and ATPase reaction rate constants using only two spectra, thereby substantially reducing experiment time. 21 The purpose of this study is to extend the T nom 1 method to simultaneously quantify the reaction constants as well as metabolite pool size ratios under partially relaxed conditions.
Materials and Methods

Theory
The reaction scheme used in this study is a three-site chemical exchange network with linear form:
Pi where k f and k r are forward and reverse pseudo-first-order rate constants, respectively. The magnetizations of three species undergoing chemical exchange can be characterized by the following equation 22 :
where I is a 3 3 3 unity matrix, M 0 is the longitudinal magnetization vector at thermal equilibrium (TR ! 5T 1 ), M(0) is the initial magnetizations at t 5 0, and A is a dynamic matrix depending upon all of the T int 1
(intrinsic spin-lattice relation time in the absence of chemical exchange) of the metabolites and upon all of the reaction rate constants between these metabolites. The matrix A can be defined as:
It is notable that the inverse of the diagonal elements of matrix A can be defined as T app 1 of PCr, c-ATP, and Pi, respectively. 22, 23 These are the apparent spin-lattice relaxation times in the presence of a radio-frequency (RF) saturation.
Equation [1] can be used for simulating magnetizations at different TR, or for inversion recovery experiments by means of replacement of t by TR, or t inv (inversion recovery time), respectively. can be determined from the slope of the line obtained by linear regression of the simulated M c / M s versus k f plot. This strategy was applied in our previous study.
To extend the T nom 1 method with arbitrary experimental parameters (TR, FA, and t sat ), the below formula for M c /Ms from Lei et al 24 was used in the current study:
12cosðFAÞ Á e 
T mix 1 can be determined from the slope of the line obtained by linear regression of the simulated M c /M s versus k f plot. And we can calculate k f in short TR sequence from Eq. [2] .
To provide a minimal a value for the application of our proposed method, we quantitatively evaluated the dependence of a values on the linearity by calculating summed squared fitting error (SSE) as below:
where S and S b are simulated and fitted M c /M s ratios in the k f range of 0 to 1 s 21 , respectively. The calculated SSE values for each alpha value were normalized to the maximum SSE value. We considered that the linear relationship is maintained if normalized SSE values are below than 20% with the correlation coefficient R 2 ! 0.95.
The iteration approach for simultaneous measurements of reaction constants and pool size ratios is depicted in Figure 2 . Briefly, based on initially estimated pool size ratios, i.e., magnetization ratios at full relaxation condition (M of Pi 5 4.03 s. These values were adapted from our previous report in rat brain. 25 All abbreviations used in this study are listed in Table 1 .
Animals
All experimental protocols were performed according to the guidelines of the National Institute of Health and approved by the Institutional Animal Care and Use Committee of our institution. A total of 14 male Sprague-Dawley rats (250-360 g) were used for our experiments (N 5 6, inversion recovery experiment for T mix 1 measurement; N 5 8,
31
P-MST experiment with short and long TR). For MRI/MRS experiments, rats were anesthetized by means of inhalation of 2.5% (vol/vol) isoflurane in a nitrous oxide/ oxygen (3:2) mixture. Animal rectal temperatures were maintained at 37 6 18C throughout the experiments.
P-MRS Experiment
In vivo MR experiments were performed using a 9.4 Tesla (T) horizontal animal magnet (Magnex Scientific, Abingdon, UK) interfaced with Varian INOVA console (Palo Alto, CA). A doubletuned ( 1 H: butterfly-shape and 31 P: elliptical-shape) surface coil was used for acquiring anatomical images, B 0 shimming, and in vivo 31 P spectra, respectively. The pulse sequence used for the in vivo 31 P MST experiments is depicted in Figure 1 . 23, 25 Briefly, in vivo 31 P spectra were acquired using the following acquisition parameters: spectral width 5000 Hz, 1024 data points. An adiabatic RF pulse (BIR4) with specific FA was used to excite the phosphate spins. For MST to achieve complete saturation of the c-ATP resonance, a B 1 -insensitive selective train to obliterate signal (BISTRO) (26) was used. Saturation times were controlled by varying the cycling number of the BISTRO pulse train.
In addition, both an approximately full relaxation with steady-state saturation transfer experiment (TR 5 9 s; FA 5 908; t sat 5 8.6 s; 128 signal averages) and a partially relaxed saturation transfer experiment with optimized experimental parameters 21 (TR 5 3 s; FA 5 458; t sat 5 2.6 s; 256 signal averages) were performed to validate our methods. For the inversion recovery experiment to measure T 
Data Processing of 31 P Spectra
In vivo 31 P spectra were processed using the jMRUI software package (http://www.mrui.uab.es/mrui/mrui_Overview.shtml). 26 The peak integrals of PCr, c-ATP, and Pi resonance were quantified by spectral fitting with the AMARES algorithm, 27 as described in detail previously. 28 All simulations in this study were performed using in-house written MATLAB software (R2009b, Mathworks Inc, Natick, MA). Statistical analysis was performed using nonparametric testing (Mann-Whitney test). All P values less than 0.05 were considered statistically significant.
Error Analysis
The accuracy for the calculation of magnetization pool size ratios and k f in our proposed method would depend on three kinds of parameters: (a) M c /M s measurement error due to finite spectral SNR, (b) FA inaccuracy commonly associated with RF surface coil, and (c) the uncertainty of T int 1 varied from the individual subject. SNR effect and the optimized acquisition parameters (e.g., TR, t sat , and FA) to minimize measurement errors have been discussed in our previous report. 21 Here, we evaluated the effects of FA and 
Results
Simulation of T 1 Relaxation Times Under Chemical Exchange Conditions
In Figure 3 , it is clear that T 1 values for both PCr and Pi are in the following order: T increases with increased k f of the CK reaction (Fig. 3a) . The patterns of T 1 relaxation time in regard to k f , ATPase are shown in Figure  3b ; the change of c-ATP T 1 relaxation times are less sensitive to variation of k f , ATPase than to variation of k f , CK . As The procedure is repeated until simulated magnetization ratios are close enough to the measured magnetization ratios (i.e., the simulations stop when the difference is close to noise level). Note that only two spectra (i.e., control and saturated) are needed to measure metabolite ratios as well as forward CK/ATPase reaction rate constant. 
Effects of Chemical Exchange and Acquisition Parameters on Magnetization Ratios
Measurements of concentrations in NMR are frequently reported in terms of the ratio between two resonance amplitudes, one of which may serve as an internal reference for quantification. Therefore, for practicality, the simulated magnetizations by Eq. [1] are shown in terms of resonance ratios (i.e., PCr/c-ATP, c-ATP/Pi, and PCr/Pi) as function of TR, FA, and k f (Fig. 5) . It is clear that the magnetization ratios are sensitive to acquisition parameters (TR, FA) (Fig. 5a) . Thus, quantification of magnetization ratios can be accurately performed by the use of long TR and small FA. Otherwise, the partial saturation effects due to short TR and chemical exchanges have to be considered. Figure 5b shows the percent differences in magnetization ratios between those calculated with and without considering the chemical exchange effect.
For example, if we use TR 5 3 s with FA 5 458 in the 31 P-MRS experiment without considering chemical exchange effects, we may underestimate the PCr/cATP by 13% and overestimate c-ATP/Pi ratios by 10%. Larger FA and shorter TR result in higher errors in quantification of metabolite levels. Figure 5c shows the effects of forward CK and ATPase reaction constants on simulated magnetization ratios. As expected, the PCr/cATP ratio is mostly affected by k f , CK , while cATP/Pi ratio is largely affected by k f , ATPase . PCr/Pi ratio is affected by both of k f , CK and k f , ATPase .
Validation of Our Approach
The measured T mix 1 values of PCr, c-ATP, and Pi from rat brains using the inversion recovery approach were 2.92 6 0.10 s, 1.58 6 0.27 s, and 3.52 6 0.69 s, respectively. These results are comparable to the simulated T , respectively (Fig. 3) . Figure 6 shows representative 31 P spectra obtained from a rat brain. Table 2 summarizes the comparison results. There were no significant differences in both forward rate constants (k f , CK and k f , ATPase ) between the two measurements (short versus long TR) (P > 0.05). In addition, as can be seen in Table 2 , without correcting for chemical exchange and T 1 saturation effects, there were significant differences in the PCr/c-ATP and c-ATP/Pi ratios (P < 0.05). The PCr/c-ATP ratio was underestimated by approximately 12% while c-ATP/Pi was overestimated by approximately 14%; there was no major error in the PCr/Pi ratio estimate ($2%). These results are consistent with our simulated results (Fig. 5) .
Effects of Errors of FA and T int 1 on Measurements of Magnetization Ratios and Reaction Kinetics
As shown in Figure 7 , the calculated errors of magnetization pool size ratios (Figs. 7a and b) are relatively less sensitive to the errors of FA and T int 1 compared with those of k f (Figs. 7c and d) . Even with 6 20% uncertainty for each parameter, the errors of magnetization pool size ratios are less than 5%. Note that PCr/Pi ratios are relatively less sensitive to those parameters compared with PCr/c-ATP and c-ATP/Pi ratios.
Discussion
Previously we presented a novel strategy for rapid measurements of CK/ATPase reaction rate constants using short TR 31 P-MST spectroscopy, 21 which we named the T nom 1
method. In the current study, we leveraged this T nom 1 method to simultaneously quantify reaction rate constants as well as metabolite pool size ratios (PCr/c-ATP, c-ATP/Pi, and PCr/Pi) using the short TR 31 P-MST experiment, and further validated the approach in vivo in the rat brain. Simultaneous measurement of both metabolite pool size ratios and reaction rate constants can provide more detailed information in studies of disease and response to therapy, in particular in conditions where there is no change in metabolite ratios but there is abnormal CK and/or ATPase activity. 29, 30 Moreover, our method uses only two spectra (control and saturated) with short TR, thereby increasing SNR and temporal resolution. This strategy can greatly facilitate in vivo bioenergetic studies for assessment of mitochondrial function. Metabolite quantification is of great importance in in vivo 31 P-MRS for studies of bioenergetic status. However, the chemical exchange and partial saturation effects due to short TR have been ignored in most studies of in vivo 31 P-MRS, [13] [14] [15] [16] [17] leading to substantial errors in metabolite quantification. Therefore, one needs caution in interpreting in vivo 31 P-MRS data when these effects have not been considered. Conventionally, the saturation factor based on Ernst equation has been widely used to correct resonance saturation effects; for instance, metabolite quantification by in vivo values are quite consistent with those from the in vivo measurements. Although our strategy involves an iterative simulation step, the computation time (on a computer with 2.2 GHz Intel Core i7 and 16 GB memory) for all steps (usually only 3-4 iterations) was less than 20 s to obtain final thermal equilibrium magnetization ratios (i.e., fully relaxed magnetization, M 0 ), even if we used an extremely different initial metabolite pool size ratio (e.g., 5 9 s (c,d) . The simulation was performed using Eq. [3] . The a levels were varied from 0 to 1. The dashed and dash-dotted lines are obtained using a 5 1 (full time saturation) and a 5 0 (without saturation), respectively. The dependency of a values on the linear relationship between M c /M s ratio and k f value are also shown to guide the minimal a value that can be used for the application of our proposed method (e,f). Detailed descriptions about summed squared error (SSE) calculations are in text. We considered that the linear relationship is maintained if normalized SSE values are below than 20% with correlation coefficient R 2 ! 0.95. The suggested a value ranges are indicated with arrows. Simulation parameters are as following: Spin system parameters: pool size ratio (PCr: cATP: Pi) 5 1:0.55:0.21; intrinsic T 1 for PCr, cATP, and Pi are 3.83, 1.24, and 4.03 s, respectively. One of the challenges encountered in the application of the 31 P-MST approach is the direct irradiation of the observed resonance due to imperfect saturation profiles. This is called the RF spillover effect. Without accounting for this effect, calculated reaction rates may be inaccurate.
The most common approach for accounting for RF spillover effects is performing a control experiment with application of an RF saturation pulse on the opposite site of the coupled spin (e.g., PCr), but with the same chemical shift offset to the c-ATP resonance.
In this work, we applied a BISTRO saturation scheme with significantly improved saturation profile. 31, 32 Previously, we demonstrated that the RF spillover effect is negligible during the use of the BISTRO saturation scheme with control spectrum acquired in the absence of RF saturation at 9.4T and 4T. 23, 28, 29 Therefore, we believe only two 31 P spectra (control and saturation of c-ATP resonance) are required to determine forward reaction kinetics of CK/ ATPases reactions in vivo at high/ultra-high field scanner ( ! 4T). In addition, it is notable that potential FA errors associated with the applied adiabatic RF pulse in our experiment may lead to significant measurement errors for k f quantification. This problem can be addressed using an alternative experimental set-up where the 31 P volume coil functions as transmitter with more homogeneous excitation and a surface coil functions as receiver.
Another consideration is that the relayed magnetization transfer and nuclear Overhauser effect (NOE) 32-34 may contribute to the quantification errors in the three-site chemical exchange model. However, this contribution should be small, because relayed magnetization transfer and/ or NOE effects induce negligible magnetization transfer effects. 32 The Pi resonances from extra-and intracellular compartments have been observed previously, 23, 35 but it is difficult to resolve these two adjacent Pi resonances in our current study due to the limited SNR of spectra obtained from small rat brains at 9.4T. There is growing evidence for abnormalities of highenergy substance levels and/or altered kinetics in various diseases across multiple biological systems such as brain, could still change with magnetic field strength, different organs and pathological/physiological conditions. Therefore, we strongly recommend direct T int 1 measurement in a cohort of subjects while using our approach. T int 1 can be measured using a progressive MST experiment at fully relaxed conditions with multiple saturation times (5$7 spectra). 23, 25 However, this approach results in long experiment times and may not be clinically acceptable. Four-angle saturation transfer (FAST) 20 using Eq. [1] . Thus, k f as well as metabolites poor size ratios could still be determined with multiple spectra with short TR and varied saturation times. Our method provides a universal approach for any experiment conditions to measure CK/ATPases reactions in vivo.
One advantage of the currently proposed method is that both CK/ATPase reaction rate constants and metabolite levels can be rapidly measured using only two spectra with short TR. This approach should lead to improvements in SNR and temporal resolution and enable "functional" MRS (fMRS) studies where the impact of bioenergetically-costly interventions on CK and ATPase reactions can be quantified. Using such an fMRS approach will allow us to study energy metabolism changes, for instance, during visual stimulation paradigms or muscle metabolism during exercise; these may be useful to uncover abnormal bioenergetics when resting state phosphate metabolite levels of PCr, ATP, and Pi appear normal. Lastly, our method can be combined with 3D-CSI techniques to determine whether bioenergetics of gray matter and white matter 40 are significantly different, and/or allow us to directly map the forward CK/ATPase flux rate as well as metabolite concentrations in considerably shorter scan times. Some limitations in this study should be noted. First, we acquired in vivo 31 P-MRS data from the entire animal brain to boost SNR. Therefore, metabolite pool size ratios and reaction rate constants measured in this study represent an average value over all brain tissues. Second, our long TR experiment used TR 5 9 s to shorten experiment time; this is shorter than the TR 5 16 s required for full relaxation. However, at this condition, the magnetizations of PCr, ATP, and Pi are almost fully recovered (i.e., PCr: 97 %, ATP: 98%, Pi: 95%), as seen in our simulation results. Thus, we believe that the comparison of metabolite pool size ratios and reaction rate constants between short and long TR experiments are reasonable for the validation of our approach. In summary, we demonstrated the effects of chemical exchanges on T 1 relaxation times as well as magnetization ratios under various experimental conditions in the chemical exchange network of PCr$ATP$Pi. We suggest a new strategy to simultaneously measure metabolite pool size ratios and kinetic constants of CK/ATPase reactions using 31 P-MST spectroscopy. Our method enables correction for T 1 relaxation and chemical exchange effects due to short TR. Using this method, we can shorten the experiment time while still obtaining complete measurements of both metabolite ratios and reaction kinetics with high sensitivity. This can facilitate future applications requiring high temporal and/or spatial resolution, and may provide important insights into biological mechanisms of impaired bioenergetics associated with physiological or pathological conditions.
